This paper focuses on the measurement of antenna radiation patterns when fully anechoic conditions are not available and, as consequence, some undesirable echoes are initially present in the measure. Two techniques are analyzed and compared, which -starting from data measured in the frequency domain -allow the echo contributions to be identified and the antenna radiation pattern to be retrieved. The accuracy of both techniques is evaluated at the frequency of 22 GHz by comparison with measurements obtained in an anechoic chamber.
Introduction
n general, the measurement of antenna radiation pattems takes I place in anechoic chambers, where one attempts to reduce as much as possible the reflection and diffraction contributions from walls and mechanical devices present inside the chamber. The reduction in the various scattered and diffracted fields is achieved using appropriate absorbing materials. However, the radiation pattems measured in reverberant or semi-anechoic chambers, or even open-area test sites, will certainly present the effects of those 100 undesired components, which will result in inaccuracies in the measured patterns. In those situations, an improvement of the measurements will only be achieved through the removal [I] or compensation [Z-41 of the pemrbations.
In this paper, two techniques are considered and tested to obtain the radiation pattem of antennas from measurements carried out in reverberant or non-anechoic conditions. For this purpose, a metal plate has been introduced inside an anechoic chamber, which will introduce contributions due to the reflected and difiacted components of the fields in the measurements, The goal of this paper is to describe a methodology that will reduce these unwanted components, and that will eliminate them from the measurements in order to obtain a radiation pattern as similar as possible to the one obtained in an anechoic chamber.
The first technique to be described estimates the impulse response of the reverberant chamber from its frequency response by using the inverse Fourier transform. In the time domain, the direct contribution is detected and gated, eliminating the undesired echoes. Applying the Fourier transform to this new time response where only the direct contribution is present, the radiation pattern can be retrieved at the frequency of interest. The second technique is based on the Matrix-Pencil Method [SI, used to approximate signals into a sum of complex exponentials. This method has been successfully applied to several electromagnetic problems [6, 71. In particular, the Matrix-Pencil Method has been also applied in [I] to reconstruct the frequency response of antennas measured in a semi-anechoic chamber by identification and elimination of the ground-reflected components.
The measurement system and the procedure used to obtain the data are described in Section 2. The two techniques introduced above, based on the Fourier transform and Matrix-Pencil algorithms, are described in Sections 3 and 4, respectively, as well as their application to the data measured in the reverberant chamber. Sample processed results are presented in Section 5, and compared to the data measured in a fully anechoic chamber. Finally, Section 6 summarizes the conclusions that have been derived from this work, and presents a methodology for an automatic implementation of the proposed techniques.
Measurement System
All the measurements presented in this paper were obtained using the near-fieldlfar-field spherical-range measurement system in an anechoic chamber ( 8 m x 5 m x 4.5 m) located in the ANTEM Lab (Antennas and Electromagnetic Emissions Measurement Laboratory) at the University' of Oviedo, designed to operate at frequencies ranging from 1 GHz to 40 GHz. Figure I shows both the antenna under test (AUT), mounted on a rollover azimuth-positioning system, and the probe, mounted on a polarization positioner. A simplified scheme of the whole measurement system is also included in Figure2. For these experiments, the probe and the AUT were selected to be identical pyramidal-horn antennas, with an approximately constant gain of 20 dB in the frequency band between 17.7 GHz and 26.7 GHz. They were placed at a height of 2 m above ground level, and separated from each other by 5.4 m (396 wavelengths at the frequency of 22 GHz) during the whole measurement campaign. The system controlling the positioners allowed the setting of the azimuth and roll orientation of the AUT, as well as the polarization of the probe, via software.
In order to compensate for the signal attenuation along the different RF coaxial cables, two amplifiers were used in the measuement system, one in the transmission path and another one in the reception section, both operating in the I8 GHz to 26 GHz hand, with a typical gain of 28 dB. After the transmission amplifier, a directional coupler was inserted to get a reference of the signal radiated by the antenna. Finally, a Rohde-Schwarz ZVK vector network analyzer was used as transmitter-receiver equipment.
In this anechoic. environment, the necessary reference data were taken: the azimuth (4) radiation pattern of the AUT between IO/Sf, has been used in these measurements. On the other hand, the frequency step, A/, is chosen as a function of the timeresponse length, again taking into account the distance between the antennas and the location of the main refiectingidiffracting dements located inside the chamber.
Once the parameters of the frequency sweep have been selected, the measurement procedure is straightforward and very fast. As commented above, for each azimuth angle of the AUT, a measure of the S,, parameter, relating the input and output ports of the vector network analyzer, is done for the whole frequency range. The frequency sweep performed by the analyzer is fast, and it takes just a few seconds to obtain the response SZl (f,$i) for a large number of frequencies. After performing the whole azimuth sweep, the results are stored in a matrix, S,, (f,#), which is the starting point for the analysis detailed in the following sections.
FFT-Based Method
It is well known that in an ideal situation, the only path that exists between the AUT and the prohe is the direct propagation path. The radio channel in the frequency domain is then characterized by a constant amplitude response, independent of the frequency, and a linear phase. However, considering multipath propagation, the above is not true anymore, and frequency-selective fading may appear, showing the influence of the echo contributions both in the amplitude and the phase of the channel frequency response. The measure of the channel frequency response is a process widely used to estimate the impulse response or time response of the multipath propagation channel [8] [9] [10] . Once in the time domain, it is relatively easy to identify those multipath components and to estimate the channel impulse response in anechoic conditions. This is the idea that inspires the technique that has been called the "FFT-Based Method." Figure 3 illustrates the different steps to he followed when applying this technique to the data previously measured for a given location of the copper plate. First, the measured coherent (amplitudeiphase) frequency response, S,, (f,#), shown in Figure 3a , is windowed using a Hanning window (Figure 3b ) before applying the inverse FFT to obtain the time-domain response of the system, S2,(f,)). The windowing of the raw data turns out to have a slightly worse time resolution, which will now be the reciprocal of the bandwidth swept multiplied by the width of the window used. This can be particularly relevant in the case of a very short time delay between the main and the echo components. Bearing this in mind, as well as the level of the secondary lobes of the different windows commonly used, the Hanning window was finally chosen since it shows a good compromise between the reduction of the sidelohe level and the widening of the main lobe [I I]. It can be observed in Figures3a and 3b that the propagation channel between the two antennas is almost ideal for azimuth angles in the range between 0' and 20'. For that orientation of the AUT, the wave that impinges on the metal plate is radiated through a secondary lobe and, consequently, with a very low power level. However, for higher angles, the frequency-selective fading starts being evident, as the main beam of the AUT points at the reflection point on the metal plate.
Once in the time domain, Figure 3c , the direct contribution is detected and gated, eliminating the delayed response due to the reflected and diffracted components. This results in an impulse response Si, ( t , # ) , shown in Figure 3d , comparable to the impulse response measured in an anechoic situation.
Returning to the frequency domain by means of the application of the FFT algorithm to Si, (1,#) , the antenna radiation pattern at the central frequency, f,, is obtained as S;,(fc,#). This should be similar to the response obtained in a fully anechoic chamber. The comparison between the AUT pattern measured in this way and the reference measurement (in anechoic conditions) is included in Section 5, Figure 5. 
Matrix-Pencil Method
The second technique tested in this paper is based on the Matrix-Pencil Method (MPM) [5] . The Matrix-Pencil technique is used to approximate functions as sums of complex exponentials. The technique tested here includes the use of the Matrix-Pencil Method to obtain an approximation of the chamber response (in terms of the S,,( f) parameter) as a sum of exponential terms.
This approximation is applied to the S,, (f) measured data in the frequency domain so the complex exponentials can be directly related to the different contributions arriving at the probe (direct, reflected, and diffracted components) [I] . The S,, (f) response obtained for a given frequency range will be decomposed as Method is now applied to the measured data in order to model the frequency response of Szl ( f ) for each one of the azimuth angles. Then, as in [7] , the S,, (f) response for the azimuth angle @i can he expressed as
where M is the number of complex exponentials used in the [7] . Finally, the complex amplitude coefficients, Rm,i, are obtained by solving a least-square problem:
Once the Matrix-Pencil Method is applied to the S,, data, an expression similar to Equation (2) is obtained for each measured azimuth angle. In order to reconstmct the radiation pattem of the AUT in anechoic conditions, it is necessary to determine the complex exponential that models the direct-contribution propagation for each azimuth angle. For that purpose, the information about the attenuation and delay of the propagation of the different contrihutions arriving at the probe, provided by the complex coefficients s~,~, is used. Considering that the propagation delay of the direct contribution should remain constant for all the azimuth angles, this delay can he easily obtained for the azimuth angle q 4 , , = Oo. For this azimuth angle, the direct-contribution amplitude ( Rd,,, coefficient) must he greater than the amplitudes of the rest of the exponential terms Ri,o. Once the direct contribution term is identified for do, the direct contributions for the rest of the azimuth angles are determined by comparing their propagation delay with that obtained at &.
Then, the radiation pattern of the AUT at the central frequency f, = fk (with k = ( N + 1)/2 ) in full anechoic conditions can be approximated in terms of an amplitude and a complex exponential for each azimuth angle: 
Measurements and Results
Two examples, corresponding to two different locations of the copper plate, are presented and analyzed in this section, in order to verify the accuracy of the procedures described in Sections 3 and 4. The frequency of 22 GH2, as commented above, was chosen to obtain the radiation pattem of the horn antenna under test.
In the first example, the distance, a, from the plate to the antennas' line-of-sight was 2.05 m. In this situation, the main effects produced by the copper plate on the antenna pattem were expected when the azimuth position of the AUT ranged approximately from 30" to 50", with the main beam of the antenna pointing directly at the plate, as had already been appreciated in S,, (f ,4) , measured for each situation was be 1601 rows by 801 columns. Figure 4 compares the radiation pattem measured for this position of the metal plate with the reference pattem measured in the fully anechoic chamber. It can be observed that the presence of the plate certainly affected the radiation pattern, mainly for azimuth angles in the range from 30° to 50", as had been foreseen.
The time response of the S,, parameter as a function of the azimuth angle is the one shown in Figure 3c . The presence of the direct Contribution can be noticed at all angles, with a propagation time of approximately 18 nsec and an amplitude that decreased as the azimuth angle increased, due to radiation by lower secondary lobes. The delayed Contribution due to reflection on the metal plate is noticeable at the estimated delay of about 4.7 nsec, with a higher amplitude in the range of angles already observed in Figure 4 , i.e., between 30' and 50". For the lowest azimuth angles, mainly between 0" and IO", some other less important echoes appeared, which can be attributed to small reflections produced in the s m ctures that supported the antennas. Following with the FFT-Based Method, the elimination of all the contributions with a propagation time greater than 22 nsec guarantied that all the effects due to the metallic plate disappeared. The length of the Sil(r,4) time response was then determined by detecting the direct component, and considering the widening of the time-domain impulses due to the Hanning window used.
Transforming this modified time response (shown in Figure 3d) back to the frequency domain, and plotting the azimuth variation of Si, at the frequency of 22 GHz, i.e., Si, (22 G H z ,~) , a radiation pattern similar to the one obtained in an anechoic chamber was achieved. This can be checked in Figure 5 , which shows the comparison between the reference measurement taken under anechoic conditions and the result obtained when the measurement in reverberant conditions was processed with the method based on the FFT algorithm. The resemblance between both the curves is evident, and has been quantified by the mean value of the error (0.58 dB), defined as the absolute value of the difference between the curves, and the standard deviation of that error (0.30 dB). The maximum value of the error was 2.05 dB, corresponding to the highest azimuth angles, around go", where the received signal levels were much lower than those of the main lobe, and consequently a certain lack of precision can he attributed to the measurement equipment itself. These error values, together with those corresponding to the rest of the analyzed situations, are summarized in Table 1 .
. To apply the Matrix-Pencil technique to the measured data in this example, the first step was to determine the frequency sweep needed for this method, as described in Section 4. In this case, the estimated delay between the direct contribution and the reflected 106 contribution was ahout 4.7 nsec, so the frequency bandwidth was established around 200MHz. A total of 51 samples, from fo=21.87SGHz to fNNI=22.125GHz and an order of M = 3 were set as inputs to the Matrix-Pencil Method. The radiation pattem obtained by processing the S,, (f.4) data with the MatrixPencil Method is shown in Figure 6 . In this figure, a comparison between the reference radiation pattern and the radiation pattem reconstructed with the Matrix-Pencil Method is plotted. It can he seen that there is excellent agreement between both radiation patterns, the error being quantified by a mean of 0.49 dB, a standard deviation of 0.36 dB, and a maximum value of 1.87 dB.
In the second example, the metal plate was located closer to the antennas, with a = 1 m. This situation presented a more important interaction between the antennas and the metal plate, noticeable over a wider range of azimuth angles, as shown in Figure 7 . Figure 7 compares the AUT azimuthal pattems measured with and without the metal plate inside the anechoic chamber. Now, the range of azimuth angles where the pattern was evidently distorted extended from 20" to ahout 60".
In this situation, the estimated delay for the contribution reflected in the metal plate was 1.2 nsec. Therefore, using the same bandwidth and frequency sweep as in the previous example, a time resolution of Sr/lO was obtained. Figure8 shows the time response for this new situation, where the presence of the delayed component immediately after the main path is noticeable in a wide range of azimuth angles. In this case, when applying the method based on the Fourier transform algorithm, all the echoes with a delay greater than I nsec were eliminated. The FFT was performed on this modified time response, and the radiation pattem obtained at the frequency of 22 GHz again presented good agreement with the reference pattem obtained in anechoic conditions. The comparison between both pattems is presented in Figure 9 . The mean error of the estimated pattern was 0.62 dB and the standard deviation of the error was 0.72 dB, the maximum error having reached a value of 3.91 dB.
Finally, the Matrix-Pencil Method was applied to the data measured in the second configuration. In this case, the beat frequency between the direct and reflected rays was lower than in the previous example, so the number of data samples needed for the Matrix-Pencil Method was larger. This meant that the bandwidth of S 2 , ( f , ( ) had to be increased up to SOOMHz, from fo =21.6GHz to fN-t =22.4GHr, with a total of 151 samples (keeping the Af used in the previous example). Figure 10 shows a comparison between the reconstructed radiation pattern and the reference pattern (measured in anechoic conditions), using three exponential terms (A4 = 3 ) to model the S,, (f ,4) for each azimuth angle. As a reference of the agreement between both results, the mean error level was 0.56 dB with a standard deviation of 0.67 dB, while the maximum error level was 3.3 dB.
Conclusions
In this paper, two different techniques have been used to obtain the radiation pattem of antennas from measurements obtained in non-anechoic sites. One technique is based on the Fourier transform, and the other is based on the Matrix-Pencil Method. Different situations have been considered, checking how these techniques deal with echoes from nearby objects where the time delay between the direct contribution and the reflecteddiffracted contributions is only a few nanoseconds. The accuracy of these techniques has been evaluated, showing examples of how the reflections and diffractions from metallic walls and objects can be suppressed. The comparison of the processed patterns with the patterns measured in an anechoic chamber has shown that the mean error of the estimations was less than 0.7 dB, and that both techniques exhibited similar behavior. Meanwhile, the maximum error found was 3.9 dB, appearing at azimuth angles where the level of the radiation pattem was below -70dB. From the results presented in the previous section, both techniques showed very good agreement with the reference pattem measured in anechoic conditions, even in the scenario where the metal plate was'separated 1 m from the antennas. This last situation was more critical, considering that the time delay between the direct contribution and the reflected contribution was only 1.2 nsec.
. Both techniques require performing measurements in a frequency range, even though the Matrix Pencil Method requires a smaller bandwidth than the FFT-based'technique. Another important consideration is that the accuracy of the FFT technique is more dependent on the parameters ( Af and BW) that define the frequency sweep. The higher the bandwidth, the more accurate are the results obtained in the time domain, although it has been checked that a time resolution At (before windowing) of approximately 6115 is enough to obtain satisfactory results. For that resolution, the error values found were very similar to those obtained for the highest resolutions analyzed in this paper. In Example 1, a mean error and standard deviation of 0.60 dB and 0.29 dB, respectively, were found, while the maximum value of the error was 1.79 dB. In Example 2, the mean error, standard deviation, and the maximum error were, respectively, 0.69 dB, 0.65 dB, and 3.12 dB. On the other hand, the Matrix Pencil Method is quite dependent on the parameter, M, that defines the number of exponentials used in the expansion of Equation (I). The value of Mmay vary under noisy conditions and may affect the accuracy of the method.
Finally, some considerations must be taken into account for a practical application of these techniques. First, under the aim of developing an automatic algorithm for both techniques, a good characterization of the measurement chamber must be done. The main purpose is to determine or estimate the time delay, 6t, of the first echo arriving at the prohe after the direct contribution, since this value will allow one to set up the different input parameters of both techniques (bandwidths and time resolution). The other considerations have to do with the characteristics of the different components of the measured process: depending on the amplifiers' bandwidths andor the AUT and the frequency bands of the probe, some frequency sweeps cannot be performed under the same conditions, i.e., the components do not present constant gain in the selected hand, which may result in an erroneous solution for the reconstruction of the pattern in an anechoic-chamber environment.
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